protein 1A/1B light chain 3 (MAP1LC3) including LC3A, LC3B, and LC3C as well 48
While studies of ATG genes in knockout models led to an explosion of knowledge about the 23 functions of autophagy components, the exact roles of LC3/GABARAP proteins are still poorly 24 understood. A major drawback for their understanding is that the available interactome data 25 was largely acquired using overexpression systems. To overcome these limitations, we 26 employed CRISPR/Cas9-based genome-editing to generate a panel of cells in which human 27 ATG8 genes were tagged at their natural chromosomal locations with an N-terminal affinity 28 epitope. This cellular resource was exemplarily employed to map endogenous GABARAPL2 29 protein complexes in response to autophagic modulation using interaction proteomics. This 30 approach identified the ER transmembrane protein and lipid droplet biogenesis factor ACSL3 31 as a stabilizing GABARAPL2-binding partner. Through this interaction, the GABARAPL2-32
interacting protein and UFM1-activating enzyme UBA5 becomes anchored at the ER 33 membrane. Functional analysis unveiled ACSL3 and lipid droplet formation as novel regulators 34 of the enigmatic UFM1 conjugation pathway. 35
Introduction 45
From yeast to humans ATG8s are highly conserved proteins. While there is only a single Atg8 46 in yeast, the human ATG8 (hATG8) family is subdivided into the orthologs microtuble-47 and the fusion of autophagosomes with lysosomes (9). 73
Besides autophagy, GABARAPs and LC3s are implicated in a number of other cellular 74 pathways. For example, GABARAP was found as interactor of the GABA receptor and involved 75 in its intracellular transport to the plasma membrane (10, 11), while GABARAPL2 was identified 76 as modulator of Golgi reassembly and intra-Golgi trafficking (12, 13) . GABARAPs were also 77 found as essential scaffolds for the ubiquitin ligase CUL3KBTBD6/KBTBD7 (14). Among others, LC3s 78 have regulatory functions in RhoA dependent actin cytoskeleton reorganization (15) as well as 79 in the regulation of ER exit sites (ERES) and COPII-dependent ER-to-Golgi transport (16) . This 80 high functional diversity of GABARAPs and LC3s implies that these proteins are more than 81 autophagy pathway components and that there are possible other unique functions of 82 individual hATG8 proteins to be unraveled. 83
So far, interactome and functional analyses of LC3s and GABARAPs were mostly done in cells 84 overexpressing one of the six hATG8 family members (17, 18) . This raises the concern that 85 an overexpressed hATG8 protein might take over functions or interactions of one of the other 86 family members due to their high sequential and structural similarity. A lack of isoform specific 87 antibodies further complicates the analysis of distinct functions of hATG8s. To facilitate the 88 study of endogenous GABARAPs and LC3s, it is important to generate alternative resources 89 and tools such as the multiple hATG8 knockout cell lines (9) or the hATG8 family member-90 specific peptide sensors (19) . To circumvent the hATG8 antibody problem, we used 91 CRISPR/Cas9 technology to seamlessly tag hATG8 genes at their natural chromosomal 92 locations. The generated cell lines express N-terminally hemagglutinin (HA)-tagged hATG8 93 family members at endogenous levels and are a powerful tool to study the functions of 94 individual GABARAPs and LC3s. All created cell lines were tested for their correct sequence 95 and functionality. As a proof of concept, we performed interaction proteomics with the 96
GABARAPL2endoHA cell line and characterized the interaction with the novel binding partner 97
ACSL3. 98

Establishment of cells carrying endogenously HA tagged LC3s and GABARAPs 100
Complementary to our previously reported LC3CendoHA HeLa cell line (20) we sought to employ 101 CRISPR-mediated gene-editing to generate a panel of cells in which the remaining five hATG8 102 family members are seamlessly epitope tagged at their natural chromosomal locations. To this 103 end, we directed Cas9 to cleave DNA at the vicinity of the start codon of LC3 and GABARAP 104 genes in order to stimulate microhomology-mediated integration of a sequence encoding for a 105 single HA-tag using a double-stranded DNA donor molecule containing short homology arms 106 (21). Briefly, we designed PCR homology templates in which the blasticidine resistant gene, a 107 P2A sequence and the open reading frame of the HA-tag were flanked by homology arms to 108 the 5'UTRs and first exons of the LC3/GABARAP genes (Supplementary Figure S1A ). In 109 parallel, we designed single guide RNAs (sgRNAs) for all hATG8 genes except LC3C and 110 cloned them into pX330 (Addgene 42230), a SpCas9 expressing vector (Supplementary 111 Figure S1A ). We then transfected HeLa cells with corresponding pairs of homology template 112 and sgRNA for each LC3/GABARAP gene. After selection with blasticidine, single cell clones 113
were SANGER sequenced to confirm seamless and locus-specific genomic insertion of the 114 HA-tag. While we obtained correct clones for GABARAP, GABARAPL1, GABARAPL2 and 115 LC3B (Supplementary Figure S1B ), cells that received the homology template and gRNA for 116 LC3A did not survive the antibiotic selection. We assume that this is due to the lack of LC3A 117 in HeLa cells as it is reported that LC3A expression is suppressed in many tumor cell lines 118 (22). Immunoblot analysis of the sequence-validated clones and the parental cells revealed 119 the presence of the HA-tag in the generated cell lines that corresponded to the size of the 120 tagged LC3/GABARAP protein ( Figure 1A , Supplementary Figure S2A -C). Gene specific 121 ( Figure 1C ). Next, we examined the integrity of the tagged LC3/GABARAP proteins by 126 monitoring their conjugation to PE in response to treatment with small molecule inhibitors which 127 either increase lipidation (Torin1), block autophagosomal degradation (Bafilomycin A1 128 (BafA1)) or prevent ATG8-PE conjugate formation (ATG7 inhibitor). As expected, 129
GABARAPL2endoHA, GABARAPendoHA and LC3BendoHA cell lines showed treatment-specific 130 lipidation levels of the respective tagged hATG8 protein ( Figure 1D ; Supplementary Figure  131 S2G-I). We also detected lipidated GABARAPL1, though in a manner that was independent 132 from induction or blockage of autophagy ( Figure 4C ). However, autophagy induction robustly 133 decreased HA-GABARAPL1 protein levels in GABARAPL1endoHA cells while blockage of 134 autophagosomal degradation led to the opposite phenotype (Supplementary Figure S2H) . 135
Next, we analyzed the subcellular distribution of one of the HA-tagged hATG8 proteins (i.e. 136 GABARAPL2) in basal and autophagy-modulating conditions using confocal microscopy. In 137
GABARAPL2endoHA cells, HA-GABARAPL2 was indeed found to colocalize with the 138 autophagosomal and -lysosomal markers p62, LC3B and LAMP1 and this colocalization 139 
Mapping the endogenous GABARAPL2 interactome 144
Next, we selected GABARAPL2endoHA cells for a proof-of-principle immunoprecipitation (IP) 145 followed by mass spectrometric (MS) analysis to identify new binding partner candidates of a 146 hATG8 family member at endogenous levels. To distinguish between candidates that bind 147 preferentially to PE-conjugated versus unconjugated GABARAPL2 we treated stable isotope 148 labeling with amino acids in cell culture (SILAC)-labeled GABARAPL2endoHA cells with Torin1 149 and BafA1 (light) or ATG7 inhibitor (heavy). Equal amounts of heavy and light SILAC cells 150 were mixed, lysed and subjected to HA-IP. Immune complexes were eluted and size separated 151 by gel electrophoresis followed by in-gel tryptic digest, peptide extraction and desalting prior 7 to analysis by liquid chromatography tandem MS. SILAC labeled parental HeLa cells 153 differentially treated with Torin1/BafA1 or ATG7 inhibitor served as negative controls. In 154 duplicate experiments, we identified a total of 168 proteins whose abundances in GABARAPL2 155 immunoprecipitates were altered by at least 2.8-fold (log2 SILAC ratio ≥1.5 or ≤-1.5) in 156 response to modulation of the hATG8 conjugation status ( Figure 1F ). Among these regulated 157 proteins were well-characterized hATG8 binding proteins such as ATG7, CCPG1 and 158 SQSTM1 (also known as p62) as well as several candidate interaction proteins previously 159 found in large-scale screening efforts such as the mitochondrial outer membrane protein 160 VDAC1, the nucleoprotein AHNAK2, the translation initiation factor EIF4G1 and the small 161 GTPase IRGQ (23, 24) ( Figure 1F ). In addition, a number of known hATG8 interactors 162 including UBA5, HADHA, HADHB, RB1CC1, TRIM21 and IPO5 was found to bind 163 GABARAPL2 independent of its lipidation status since these proteins did not display 164 substantial changes in their SILAC ratios. 165
166
ACSL3 is a novel binding partner of GABARAPL2 167
Since functional annotation analysis using DAVID revealed 'fatty acid metabolism' as a term 168 previously not associated with LC3/GABARAP-interacting proteins (Supplementary Figure  169 S3A), we focused on the proteins found in this category. In particular, the long-chain-fatty-acid-170
CoA ligase 3 (ACLS3) attracted our attention as it was the only ER-localized transmembrane 171 protein among these candidates. To validate ACSL3 as novel GABARAPL2 interacting protein, 172
we transiently transfected parental and GABARAPL2endoHA cells with C-terminally myc-tagged 173 ACSL3 followed by HA-or myc-IP and immunoblotting. Transfection with N-terminally tagged 174 ATG7 or p62 served as positive controls. Indeed, ACSL3-myc as well as myc-ATG7 and -p62 175 associated with endogenous GABARAPL2 ( Figure 1G -I, Supplementary Figure S3B ). Thus, 176
these results indicate that our hATG8endoHA cells are valuable tools to examine the LC3 and 177 ACSL3 is one of five acyl-CoA synthetases and catalysis the conjugation of CoA to long chain 181 fatty acids to form acyl-CoA (25). Besides ACSL3 was found to regulate the formation, the size 182 and the copy number of lipid droplets (26, 27) . Consistent with its cellular role, ACSL3 is 183 located with its N-terminal transmembrane helix region inserted midway into the lipid bilayer of 184 the ER membrane or integrated into the monolayer of lipid droplets (LD) while its C-terminal 185 part encompassing the AMP-binding domain is facing to the cytoplasm (28-30). To further 186 validate the GABARAPL2-ACSL3 interaction, we sought to examine the subcellular 187 localization of both proteins by confocal microscopy. However, as there were no suitable 188 antibodies for immunofluorescence staining of endogenous ACSL3, we gene-edited 189
GABARAPL2endoHA cells to express ACSL3 tagged at its C-terminus with NeonGreen 190 (Supplementary Figure S1A ,C). Immunoblot analysis of these newly established 191
GABARAPL2endoHA/ACSL3endoNeonGreen cells in comparison with GABARAPL2endoHA and parental 192
Hela cells transfected with TOMM20-NeonGreen confirmed the correct size of the ACSL3-193
NeonGreen fusion ( Figure 2A ). Furthermore, colocalization of ACSL3-NeonGreen with the ER-194 membrane localized chaperone Calnexin demonstrated that the NeonGreen tag did not alter 195 the presence of ACSL3 at the ER ( Figure 2B ). As ACSL3 is essential for LD formation, we 196 tested whether the ACSL3-NeonGreen chimera is fully functional. Thereto, 197
GABARAPL2endoHA/ACSL3endoNeonGreen cells were treated with oleic acid to induce LD formation 198 or EtOH as control prior to fixation and immunolabeling of phospholipids and neutral lipids. 199
Confocal microscopy showed a clear colocalization of ACSL3 with phospholipids and neutral 200 lipids in control cells while ACSL3 redistributed in the phospholipid monolayer of LDs when 201 cells were treated with oleic acid for 24 hrs ( Figure 2C ). Next, we microscopically analyzed 202 fixed and HA-immunolabeled GABARAPL2endoHA/ACSL3endoNeonGreen cells that were grown in 203 the absence and presence of Torin1 and BafA1 or ATG7 inhibitor. Consistent with our IPs, 204 these experiments revealed a partial co-localization of endogenous GABARAPL2 and ACSL3 Thus, these results indicate that ACSL3 is not degraded by autophagy but rather serves as a 233 specific stabilizing factor of GABARAPL2 at the ER. 234
235
ACSL3 anchors UBA5 to the ER membrane 236
To better understand the biological significance of the GABARAPL2-ACSL3 interaction, we 237 turned our attention to known GABARAPL2 binding proteins and in particular to ubiquitin-like 238 modifier activating enzyme 5 (UBA5) (32) which was recently shown to be recruited to the ER 239 membrane in a GABARAPL2-dependent manner (33). Using HA-and myc-IPs, we confirmed 240 the GABARAPL2-UBA5 interaction in GABARAPL2endoHA cells transfected with myc-UBA5 241 ( Figure 4A , Supplementary Figure S3C ). Since ACSL3 binds GABARAPL2 at the ER 242 membrane, we investigated whether ACSL3 also associates with UBA5. To this end, we 243 generated HeLa cells stably overexpressing C-terminally HA-tagged ACSL3 and transiently 244 transfected these and parental HeLa cells with myc-UBA5. Following differential treatment with 245 oleic acid, cells were lysed and subjected to IP with anti-myc agarose. Intriguingly, we found 246 that UBA5 associates with ACSL3 independent of its activity during LD formation ( Figure 4B ). 247
Next, we examined whether ACSL3, GABARAPL2 and UBA5 form a ternary complex. 248 Therefore, GABARAPL2endoHA/ACSL3endoNeonGreen cells were treated with oleic acid or EtOH as 249 control, followed by anti-UBA5 and anti-HA immunolabeling. Consistent with our binding 250 assays, confocal microscopy showed colocalization of all three proteins irrespective of the 251 treatment condition ( Figure 4C ). Overall, these results suggest that ACSL3, GABARAPL2 and 252 UBA5 form a complex at the ER membrane independent of ACSL3's activity in response to 253 induction of LD formation. 254
Indeed, we observed that protein levels of UBA5 decreased upon ACSL3 depletion and were 260 restored by blockage of autophagy ( Figure 5A ). While depletion of GABARAPL2 had no effects 261 on UBA5 protein levels (Supplementary Figure S3E ). This supports the notion that UBA5 and 262 GABARAPL2 form a functional unit which is regulated by ACSL3. UBA5 is part of the 263 conjugation system, termed ufmylation, that covalently attaches the ubiquitin-like protein 264 ubiquitin fold modifier 1 (UFM1) to target proteins through an E1-E2-E3 multienzyme cascade. 265
The E1-like enzyme UBA5 activates UFM1 by forming a thioester bond between its active site 266 and the exposed C-terminal glycine of UFM1 (32). The UFM1-conjugating enzyme 1 (UFC1) 267 then transfers UFM1 from UBA5 to the UFM1-protein ligase 1 (UFL1) which mediates the 268 attachment to target proteins (32, 34). The ER-membrane bound protein DDRGK1 anchors 269 UFL1 to the ER membrane (35) and is besides RPL26 (36) and ASC1 (37) one of the few 270 known ufmylation targets (34). While the consequences of ufmylation remains poorly 271 understood at the mechanistic level, the UFM1 conjugation pathway has been linked to the ER 272 stress response (38, 39), erythrocyte differentiation (40, 41), cellular homeostasis (42) and 273 breast cancer progression (37). Since the stability of UBA5 and its ER-recruiting factor 274 GABARAPL2 was controlled by ACSL3, we probed whether it also regulates the abundance 275 of the other proteins in the ufmylation cascade. Knockdown experiments revealed that the 276 protein levels of UFM1, UFL1 and DDRGK1 were likewise decreased upon ACSL3 depletion 277 while the abundance of UFC1 was unaffected. Notably, UFC1 is the only ufmylation component 278 that is not localized at the ER membrane. The observation that the protein levels of UFM1, 279 UFL1 and DDRGK1 were not restored by blockage of autophagy or blockage of the 280 proteasome ( Figure 5B ) indicates that these ufmylation factors are regulated at the 281 transcriptional level. Together, our findings suggest that ACSL3 not only anchors UBA5 but 282 might act as novel regulator of the ufmylation cascade. coupled. To test this hypothesis, we monitored the ufmylation pathway in response to induction 287 and completion of LD formation in GABARAPL2endoHA cells grown in the absence and presence 288 of oleic acid for 30 min and 24 hrs, respectively. While UBA5 levels drastically increased after 289 30 min and 24 hrs oleic acid treatment, there was no effect on UFC1 ( Figure 5C In this study, we identified the ER-resident transmembrane protein ACSL3 as novel binding 301 partner of GABARAPL2 and UBA5 using a CRISPR/Cas9 generated GABARAPL2endoHA cell 302 line. Furthermore, we provide evidences for the regulation of ufmylation through ACSL3 and 303
LD biogenesis. 304
In our interactome screen with endogenously tagged GABARAPL2 we found ACSL3, which 305 we confirmed as GABARAPL2 interactor by immunoprecipitation and confocal microscopy. 306
Typically, interaction between GABARAPs or LC3s and their binding partners involves an 307
ATG8 family-interacting motif (AIM; also known as LC3-interacting region (LIR)) in the hATG8 308 (UDS) in LC3 and GABARAP proteins (46, 47). By sequence inspection we found one potential 316 UIM in ACSL3 (663-670). Given that the results from our colocalization studies and binding 317 assays points to a possible complex formation of GABARAPL2, ACSL3 and UBA5 and that 318 the LDS of GABARAPL2 is likely to be occupied by the atypical LIR of UBA5 (33, 48), it is 319 highly plausible that GABARAPL2 and ACSL3 interact in a UIM/UDS-dependent manner. 320 GABARAP proteins were shown to mediate ER recruitment of UBA5 to bring it in close 321 proximity to the membrane bound UFM1 E3 enzyme complex composed of UFL1, DDRGK1 322 and CDK5R3, thereby facilitating ufmylation (33). However, since GABARAPs are not known 323 to be conjugated to PE at the ER, the molecular basis of this recruitment process was not 324 clear. Here, we provided evidence that ACSL3 function to anchor UBA5 at the ER membrane. 325
Given that UBA5 employs an atypical LIR to bind both GABARAPL2 and UFM1 and that the 326 latter is able to outcompete GABARAPL2 binding of UBA5 in vitro (48), it is tempting to 327 speculate that GABARAPL2 interacts with UBA5 until UFM1 conjugation is triggered. In this 328 scenario, GABARAPL2 is only a recruiting factor that hands UBA5 over to ACSL3 ( Figure 5D ). 329
However, the binding mode of ACSL3 and UBA5 remains to be explored. 330
While targets of ufmylation are still largely unknown, two of the three known UFM1-modified 331 proteins are linked to the ER. Firstly, UFM1 conjugation of DDRGK1 is essential for the 332 stabilization of the serine/threonine-protein kinase/endoribonuclease IRE1 (inositol-requiring 333 enzyme 1) (37, 49). Secondly, it was shown that RPL26 (60S ribosomal protein L26) is 334 exclusively ufmylated and de-ufmylated at the ER membrane (36). Overall, emerging evidence 335 points to a role of the UFM1 conjugation system as regulator of ER homeostasis, ER stress 336 response and ER remodeling. Disruption of protein folding and accumulation of unfolded (PERK) or activating transcription factor 6 (ATF6). Protein degradation, reduction of protein 340 synthesis and enlargement of the ER capacity are part of the UPR (50). In different cell lines 341 and animal models, it was reported that ufmylation is upregulated via IRE1 or PERK upon ER 342 stress, while depletion of ufmylation components induce the UPR (38, 39, 42, 51, 52). Upon 343 re-established ER homeostasis, ufmylation coordinates the elimination of extended ER 344 membranes through ER-phagy (53, 54) . 345
In our present study, we identified LD formation stimulated by oleic acid treatment as novel 346 regulator of ufmylation. LD biogenesis starts with lens formation, an accumulation of neutral 347 lipids between the ER membrane leaflets until LDs eventually bud from the ER. The 348 hydrophobic neutral lipid core of a LD is surrounded by a phospholipid monolayer with the 349 origin of the outer ER membrane leaflet (55). ACSL3 was identified as LD associated protein 350 and essential for LD biogenesis, expansion and maturation (27, 56) . During initiation of LD 351 biogenesis ACSL3 is translocated and concentrated to pre-LDs to drive LD expansion by 352 mediating acyl-CoA synthesis. However, cells with enzymatically inactive ACSL3 are still able 353 to form LDs, suggesting additional functions of ACSL3 in LD biogenesis (27, 57) . Induction of 354 LD formation induced by oleic acid resulted in an immediate (after 30 min) reduction of UFL1 355 and DDRGK1 protein levels and thus shut down of UFM1 conjugation ( Fig 6A) . Interestingly, 356 depletion of ACSL3 led to a similar phenotype with regard to these two ufmylation components. 357
Together, these results suggest that ACSL3 regulates DDRGK1 and UFL1 protein levels and 358 therefore ufmylation. The observation that inhibition of proteasomal or lysosomal degradation 359 only partly rescued this phenotype suggests that the ufmylation machinery is probably 360 downregulated at the transcriptional level. To what extend this involves one of the three UPR 361 factors IRE1, PERK or ATF6 remains to be examined. Considering that ER-phagy is blocked 362 by inhibition of the interaction between DDRGK1 and UFL1 (53), we hypothesize that LD increased ufmylation ( Figure 5D ). Whether these UFM1 targets are linked to remodeling of ER 366 membranes by re-established ER-phagy remains to be tested. 367
Collectively, these findings underline the potential of our CRISPR/Cas9 gene-edited cell lines 368 to uncover novel cellular pathways involving hATG8 family members without the need of 369 overexpression systems, thereby complementing the recently generated LC3 and GABARAP 
Mass spectrometry 485
SDS-PAGE gel lines were cut in 12 equal size bands, further chopped in smaller pieces and 486 placed in 96 well plates (one band per well). Gel pieces were washed with 50 mM ammonium 487 bicarbonate (ABC)/50 % EtOH buffer followed by dehydration with EtOH, reduction of proteins 488 with 10 mM DTT in 50 mM ABC at 56° C for 1 hr and alkylation of proteins with 55 mM 489 iodacetamide in 50 mM ABC at room temperature for 45 min. Prior to overnight trypsin-digest 490 (12 ng/ul trypsin in 50 mM ABC, Promega) at 37° C, gel pieces were washed and dehydrated 491 as before. Peptide were extracted from gel pieces with 30 % acetonitrile/3 % trifluoroacetic 492 acid (TFA), 70 % acetonitrile and finally 100 % acetonitrile followed by desalting on custom-493 made C18-stage tips. Using an Easy-nLC1200 liquid chromatography (Thermo Scientific), using a gradient of 5%-33% acetonitrile in 0.1% acetic acid over 75 min and detected on an 497 Q Exactive HF mass spectrometer (Thermo Scientific). Dynamic exclusion was enabled for 30 498 s and singly charged species or species for which a charge could not be assigned were 499 rejected. MS data were processed with MaxQuant (version 1.6.0.1) and analyzed with Perseus 500 (version 1.5.8.4, http://www.coxdocs.org/doku.php?id=perseus:start). IP experiments from 501
GABARAPL2endoHA and control parental HeLa cells were performed in duplicates and 502 triplicates, respectively. Matches to common contaminants, reverse identifications and 503 identifications based only on site-specific modifications were removed prior to further analysis. 504
Log2 heavy/light ratios were calculated. A threshold based on a log2 fold change of greater 505 than 1.5-fold or less than -1.5-fold was chosen so as to focus the data analysis on a smaller 506 set of proteins with the largest alterations in abundance. Additional requirements were at least 507 two MS counts, unique peptides and razor peptides as well as absence in IPs from parental 508 
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